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Introduction
Oxidative phosphorylation is the major source of ATP in
aerobic organisms. Electrons are transferred from NADH
or FADH2 to O2 via a series of electron carriers; these
transfer steps are coupled by an electrochemical proton
gradient to ATP synthesis. This process of energy conver-
sion is carried out by a series of complexes located in the
inner mitochondrial membrane. Over the past few years,
the mitochondrial bioenergetics field has experienced an
exciting breakthrough as X-ray crystallographic structures
of the principal membrane protein complexes have
emerged one after another. The structures of the F1 and
F1c10 part of complex V (ATP synthase) [1,2], complex IV
(cytochrome c oxidase) [3–5] and complex III (cytochrome
bc1 complex) [6–8] have provided us with a structural basis
for understanding the molecular mechanism of oxidative
phosphorylation [9]. The most recent addition to this line
of structures is that of quinol-fumarate reductase (QFR),
which physiologically catalyzes the same reaction as
complex II (succinate-quinone oxidoreductase), but in the
reverse direction [10,11]. The structures of QFR from the
facultative anaerobe Escherichia coli (to 3.3 Å resolution)
and the obligate anaerobe Wolinella succinogenes (to 2.2 Å
resolution), both contain a membrane-spanning hydropho-
bic region and an extramembrane hydrophilic region.
Whereas the hydrophilic subunits are highly conserved
among prokaryotes, archaea and eukaryotes, the mem-
brane portion shows remarkable variability, especially in
terms of bound cofactors. This variation provides a unique
and intriguing case study from a bioenergeticist’s point of
view. As suggested by previous spectroscopic studies, the
W. succinogenes enzyme contains two b-type hemes located
in the transmembrane region, whereas the E. coli enzyme
catalyzes the same reaction but carries no hemes. 
Although the enzymes of the complex II family can cat-
alyze both succinate oxidation and fumarate reduction
[12], depending on whether the organism has adapted to
an anaerobic or aerobic environment, the enzymes are
named according to the direction they normally serve in
vivo [13]: quinol-fumarate reductase (QFR) or succinate-
quinone reductase (SQR) (Figure 1). QFR catalyzes the
reduction of fumarate to succinate as a terminal respiratory
enzyme in anaerobically growing organisms (Figure 1a). It
receives reducing equivalents from a lower redox mid-
point potential (Em) electron donor, such as hydrogen or
formate. On the other hand, SQR has an important role
both as a tricarboxylic acid (TCA) cycle enzyme and as a
member (complex II) of the aerobic electron-transfer
chain, donating electrons to higher Em complexes and
eventually to dioxygen (Figure 1b).
Corresponding anaerobic/aerobic changes take place in
quinone (Q) which, as the only lipophilic mobile hydrogen
carrier within the membrane, has a central role in energy
transduction [14,15]. A stoichiometric excess of endoge-
nous quinone molecules acts as a ‘Q pool’ to rapidly link
redox reactions among quinone/quinol-utilizing mem-
brane-spanning complexes. High Em ubiquinone (UQ;
redox midpoint potential at pH 7, Em7 = +0.090 V; [16]
and references cited therein) is often found in aerobes,
whereas anaerobes use low Em7 quinone species, such as
menaquinone (MQ; Em7 = –0.074 V) [17]. Bacillus subtilis
SQR provides a rare and useful exception: this organism is
a strict aerobe but contains only low Em MQ [13].
Because SQR has long been known to be a non-energy-
transducing enzyme in both mitochondrial and bacterial
systems [18,19], it has attracted less interest than the
other energy-transducing complexes I, III and IV [9].
Recent studies, however, have raised a number of inter-
esting questions pertaining to the activity and evolution
of SQR. On the basis of recent structural and spectro-
scopic data [10,20], QFR appears not to be merely a
version of the SQR system that is kinetically optimized to
run in the reverse direction. Ancient anaerobic bacteria
analogous to W. succinogenes may have had the most devel-
oped QFR complex, in which the transmembrane domain
played an essential role in the formation of an electro-
chemical proton gradient (∆µH+). Subsequently, quinone
oxidation/reduction sites apparently diversified by opti-
mizing for high Em UQ reduction, as in the case of the
well-documented ‘QS site’ (or QProximal site) in the SQR
complex of bovine heart mitochondria [21,22]. Well-
designed structure/function analysis using spectroscopic
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and site-directed mutagenesis approaches based on the
new and forthcoming related structures (see Figure 2
insert table) promises to resolve these issues.
The hydrophilic, catalytic domain of the SQR/QFR
complex contains two highly conserved subunits: a flavo-
protein subunit of ~70 kDa (called Fp or SdhA/FrdA) and
an iron–sulfur protein subunit of ~27 kDa (Ip or
SdhB/FrdB). The Fp subunit harbors a substrate (dicar-
boxylate) binding site and a covalently linked FAD
([23,24] and references therein), while the Ip subunit con-
tains three iron–sulfur clusters — one each of a binuclear
[2Fe–2S]1+,2+, tetranuclear [4Fe–4S]1+,2+, and trinuclear
[3Fe–4S]0,1+ cluster [25–27]. The membrane-spanning
region of SQR/QFR shows intriguing variability in compo-
sition and primary sequence among different organisms.
This region consists of either one larger (SdhC/FrdC,
~27 kDa) or two smaller hydrophobic polypeptides
(SdhC/FrdC, ~16 kDa; SdhD/FrdD, ~14 kDa), which
contain two, one or zero b-type hemes [13,27]. 
Here, we classify three groups of SQR/QFR on the basis
of difference in the b heme composition (Figure 2). Type
A SQR/QFRs contain two b hemes ligated by four fully
conserved histidine residues, as in B. subtilis SQR and
W. succinogenes QFR. Type B complexes contain one
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Figure 1
Schematic representation of the different
functional roles of (a) the anaerobic quinol-
fumarate reductase (QFR) and (b) the aerobic
succinate-quinone reductase (SQR). QFR
functions as the terminal electron acceptor of
the anaerobic respiratory chain from low redox
midpoint potential (Em) components to
fumarate. In contrast, SQR participates in the
TCA cycle as well as in the aerobic respiratory
chain and reacts with higher Em components.
Within the SQR complex, electrons move
from succinate to ubiquinone (UQ) with a
∆Em7 of 0.130 eV/2e–; in the QFR complex
electrons move in the reverse direction from
menaquinol (MQH2) to fumarate with a ∆Em7
of 0.198 eV/2e–. (For simplicity we use ∆Em
instead of ∆Eh in this minireview.)
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b heme; this group includes most of the SQRs in aerobic
organisms, such as mitochondrial and E. coli SQR, as well
as QFR in adult Ascaris suum [28]. The type C complexes
contain no hemes, as in E. coli QFR and SQR from
Sulfolobus sp. strain 7 [29]. Type B and C complexes are
both composed of two smaller subunits, SdhC/FrdC and
SdhD/FrdD, and each subunit contains three α helices (I,
II, III) and (IV, V, VI). Type A complexes usually contain
a fusion of these two subunits with a concomitant loss of
helix III, although in a few archaebacteria [30] the type A
membrane domain also has two smaller subunits. The
four-helix bundle (I, II, IV and V) forms an essential core
of the anchor domain [27,31].
Overall structure of the QFR complex and cofactor
configuration
The X-ray structures of the monomeric forms of both E.
coli and W. succinogenes QFR [10,11] (Figure 3) clearly
depict structurally distinct catalytic and membrane-span-
ning domains. The catalytic domains in the monomeric
forms of QFR are structurally almost identical. In SQR
this domain is called succinate dehydrogenase (SDH),
and has been extensively studied since its first isolation
in the 1950’s [25–27]. A covalently linked FAD molecule
is housed in the Fp/SdhA/FrdA subunit. In the two QFR
crystal structures, substrate fumarate or physiological
inhibitor oxaloacetate were found close to the isoallox-
azine ring of FAD. This flavin has a much higher Em
value (–80 mV) [32] than that of free FAD (–219 mV)
[33], and is located at one end of a line of three
iron–sulfur clusters. The first is a [2Fe–2S](2+,1+) cluster
(FR1/S1, where the [2Fe–2S], [4Fe–4S] and [3Fe–4S]
clusters in SQR and QFR are called S1, S2, S3 and FR1,
FR2, FR3, respectively), the mitochondrial counterpart
of this cluster was first identified in bovine heart SDH
[34]. The second cluster (FR2/S2) has an extremely low
Em value and is spin-coupled with cluster S1 [35]. The
final [3Fe–4S] cluster (FR3/S3) is positioned at the
bottom of the catalytic domain (Figure 3) and is required
for the functional binding of SDH to the membrane
anchor. Clusters FR3/S3 and FR2/S2 of succinate dehy-
drogenase/fumarate reductase (SDH/FRD) were identi-
fied as [3Fe–4S](1+,0) and [4Fe–4S](2+,1+), respectively,
primarily using the cryogenic magnetic circular dichroism
(MCD) technique [36,37]. These clusters also strongly
interact magnetically.
These iron–sulfur clusters are coordinated to the
Ip/SdhB/FrdB subunit with stereotypical sequence motifs
for binuclear, tetranuclear, and trinuclear iron–sulfur clus-
ters (CxxxxCxxC...C, CxxCxxC...CP and CxxxxxC...CP,
respectively). These motifs are fully conserved among the
SQR/QFR family with the single exception of the third
cysteine for the [2Fe–2S] cluster, which is replaced with
aspartate in a few species [27]. Over-expression of various
SQR/QFR complexes combined with site-directed muta-
genesis studies provided a wealth of information
[25–27,38,39], such as subunit location and ligand residues
of the individual clusters, which are now confirmed by the
high-resolution structural analyses [10,11]. A chain-like
arrangement of redox centers in close proximity is consis-
tent with the presence of direct magnetic interactions
between almost all neighboring redox centers [25,40]. The
X-ray structure demonstrates that edge-to-edge distances
between successive centers in the hydrophilic domain are
11.4 Å or less (Figure 4), well within the 4–14 Å range of
Minireview  Quinol-fumarate reductase Ohnishi et al. R25
Figure 2
Complex II family members grouped as type
A, B and C, according to the two, one and
zero cytochrome b-type heme composition
within the transmembrane domain of the
SQR/QFR complexes. The most
representative QFR is shown in blue and the
counterpart of SQR is shown in red. The
names of the two different QFR complexes
of known three-dimensional structure are
underlined. Crystallographic analyses of
SQR complexes from chicken heart
mitochondria (E Berry, personal
communication) and B. subtilis and E. coli
(S Iwata, personal communication) are
currently underway (shown with dotted
underlines). The Em7 values are as follows:
menaquinone (MQ) —0.074 V [17],
rhodoquinone (RQ) —0.063 V [28],
ubiquinone (UQ) +0.090 V [16]. The Em6.5 of
caldariella quinone (CQ) is +0.103 V [30].
st8213.qxd  02/29/2000  12:20  Page R25
physiologically productive electron-transfer distances
observed for nearly all naturally occurring proteins
(Figure 5a) [41]. 
FR2/S2 has an Em value much lower than that of the adja-
cent iron–sulfur clusters FR1/S1 and FR3/S3 (see Supple-
mentary material). Although an anticooperative redox
interaction between S1 and S2 has been proposed [40],
mutagenesis studies of the E. coli clusters FR1 and FR3
strongly indicated that the Em value of FR2 is intrinsically
lower than –0.25 V [42]. The low Em of FR2/S2 prompted
some to suggest that it was not part of the electron-trans-
fer pathway [25]. However, the close proximity of the
redox centers depicted in the structure assures submil-
lisecond electron tunneling rates through the chain,
despite a hundreds of meV endergonic electron-transfer
step through FR2/S2 [43] (Figure 5b). Analogous chains
with a mix of substantial endergonic and exergonic steps
can be found in the iron–sulfur cluster chain of Ni–Fe
hydrogenase [44] and the heme chain in the photo-
synthetic reaction center of Blastochloris (formerly
Rhodopseudomonas) viridis [45]. The terminal substrates
succinate/fumarate and hydroquinone/quinone are 2e–
redox couples with an extremely low stability constant
(Kstab ≡ [SQ]2 / [Q] [QH2] at equilibrium) for the interme-
diate, one-electron reduced semiquinone (SQ) state,
whereas the connecting chain of iron–sulfur clusters and
cytochromes transfer only one electron at a time. The Q
pool communicates with iron–sulfur cluster S3/FR3 or
cytochrome b only via a quinone species with a higher
Kstab in which the protein binds and stabilizes the SQ
state more than the oxidized (Q) and the hydroquinone
states (QH2). Thus quinone at the QS binding site func-
tions as a converter between two-electron and one-elec-
tron transfer steps in SQR/QFR. A similar converter
function is played by His–FAD with a stabilized semi-
flavin (SF) state between succinate/fumarate and cluster
S1/FR1 [32] (see Supplementary material).
Electron transfer in the membrane anchor
The membrane domain has an important role in quinone
reduction or quinol oxidation as well as in transmembrane
∆µH+ formation. The membrane regions of the QFR and
SQR complexes exhibit considerable structural and func-
tional diversity (discussed below).
The membrane anchor domain of mitochondrial SQR
During adaptation to the aerobic environment with the
advent of high Em UQ in most eukaryotes, a primitive
anaerobic energy transducer QFR (type A) apparently
evolved into a type B SQR complex, which specialized in
supplying reducing equivalents into the UQ pool from the
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Figure 3
The crystal structures of the monomeric forms of (a) E. coli and (b) W.
succinogenes QFR. The E. coli structure was determined to 3.3 Å
resolution (Rfree 29.2%; nobs/npar ratio 0.73), whereas the W.
succinogenes structure was determined to 2.2 Å resolution (Rfree
22.4%; nobs/npar ratio 2.31). The flavoprotein subunit (FrdA) is in
green, the iron—sulfur subunit (FrdB) in dark blue, and the membrane
anchors are in cyan (FrdC) and purple (FrdD). The colors of the redox
cofactors are as described in Figure 4.
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negative side of the mitochondrial membrane without pro-
ducing transmembrane ∆µH+ by itself. The Q-binding site
(QS site) on the negative side of the mitochondrial mem-
brane displays a semiquinone pair in anionic form QS•–QS•–
at physiological pH. Both SQ species have approximately
the same Em values, and the SQ state is highly stabilized;
Kstab was determined to be 10 in situ [22] and 10–2 in iso-
lated SQR [46] (see Supplementary material). This SQ pair
exhibits a free radical electron paramagnetic resonance
(EPR) signal at the g value of 2.00; the spin-relaxation of
this pair is greatly enhanced by nearby cluster S3 and/or
heme b spins. At extremely low sample temperatures, this
spin coupling is seen as complicated split-signals at
g = 2.04, 1.99 and 1.96. Spectral simulation [21] in combi-
nation with potentiometric titration [22] showed that two
SQ spins are magnetically interacting. Assuming contribu-
tion from only dipolar interactions, the two benzoquinone
rings were estimated as being only 7.7 Å apart from each
other. Furthermore, an analysis of split signals in oriented
multilayered bovine heart membrane preparations
revealed that the two QS•– molecules are placed along a
perpendicular line to the membrane plane [47]. Similar
EPR signals have been observed in mitochondrial SQR
from some plants [48] and from the fungus Neurospora
crassa [49], but only indirectly in bacterial SQR complexes
[50]. In all UQ-containing SQR systems, a fully conserved
‘HXXXGXXXXXXDY’ sequence motif was identified in
the negative side loop region between helices II and III/IV
[27,31]. The H is a histidine ligand of the heme bH. This
motif may form part of the novel QP-binding site, which is
not analogous to any proposed generic Q-binding site motif
[51]. To date, no converter type SQ species located on the
opposite side of the membrane has been reported for the
aerobic type B SQR system.
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Figure 4
Arrangement of the intrinsic redox centers in
the quinol-fumarate reductases of (a) E. coli
[10] and (b) W. succinogenes [11]. Edge-to-
edge distances shown are the principle
determinants of the electron tunneling rate.
For iron–sulfur clusters, the cysteinyl sulfurs
are also considered part of the redox centers,
as they undergo significant change in the
electron density during electron transfer. The
heme edge is the conjugated macrocycle. The
flavin edge is the isoalloxazine ring system. For
electron tunneling rate calculations see
www.med.upenn.edu/biocbiop/local_pages/d
utton_lab.html. Colors of the redox cofactors:
FAD, orange; iron, red; inorganic acid-labile
sulfur and cysteine sidechains, yellow; heme
iron and porphyrin ring, red; menaquinone,
green, oxaloacetate (OAA) and fumarate
(Fum), purple.
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Plausible quinone-binding sites in SQR/QFR systems
Recent crystallographic studies revealed two probable
Q-binding sites in E. coli QFR [10]: a proximal site (QP)
and a distal site (QD). Prior to these findings the presence
of two Q-binding sites located on opposite sides of the
membrane domain was suggested by two different experi-
mental approaches: photoaffinity labeling of mitochondrial
and E. coli SQR [52,53]; and site-directed mutagenesis of
amino acid residues close to the putative Q-binding sites
in E. coli QFR [39]. 
Two Q-binding sites were also identified spectrophotomet-
rically using Q analog inhibitors, 2-thenoyltrifluoroacetone
(TTFA) and 3-methyl-carboxin [54], specific for the
UQ-utilizing SQR membrane domain. The Em change and
spectral shift of cluster S3 concurrent with the inhibitor-
specific quenching of the SQ signals from the QS (QP) site
in bovine heart SQR in situ [22,55], indicate that the
QS-binding site in SQR is proximal to the catalytic domain
(i.e., on the negative side of the membrane for the UQ-uti-
lizing type B SQR). In contrast, B. subtilis SQR (type A)
carries two transmembrane b hemes. A Q analog (2-n-
heptyl-4-hydroxyquinoline N-oxide; HQNO) was shown to
inhibit succinate-MQ reductase activity, and concurrently
induced Em change and spectral red shift of heme bL with
no spectral effect on bH or on cluster S3 [13,56]. Unlike
most of the UQ-linked SQR systems, quinone inhibition in
this bacterium is on the positive side of the membrane.
Altogether these observations suggest a maximum of three
Q-binding sites in the membrane region of SQR/QFR.
The membrane anchor domain of E. coli QFR
On the basis of the E. coli QFR crystal structure [10], two
MQ molecules were found to reside on opposite surfaces
of the cytoplasmic membrane. The surprisingly long
~25 Å edge-to-edge distance between these quinones
would require hours for direct electron tunneling, orders
of magnitude slower than millisecond enzyme turnover
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Figure 5
Electron tunneling rates in proteins and QFR.
(a) Correlation between the free-energy
optimized rate of electron tunneling (∆G = –λ)
and the edge-to-edge distance of
transmembrane redox centers. Also shown is
the expected rate for the small driving force
(∆G = 0) with a typical reorganization energy.
The distance between quinones in the E. coli
QFR structure means that tunneling between
these centers will be very slow under any
conditions. An intermediate redox center would
give physiological tunneling rates. (b) Chains of
redox centers are used to cover long distance
electron tunneling in E. coli QFR. The proximity
of redox centers permits rapid endergonic and
exergonic tunneling. The  redox midpoint
potentials (Em) for the individual n=1 electron-
transfer steps are often undetermined and
indicated by the blue range. The values for
MQproximal (MQprox) have been measured in a
mutant strain. The average values of Em for the
full n = 2 electron oxidation/reduction are
shown by double blue bars.
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(see Figure 5a). If future structures resolve another redox
center between these MQ molecules (perhaps a weakly
bound quinone or a radical-forming amino acid sidechain),
the shortened tunneling would be brought into the typical
physiological range of distances and rates [41]. The dis-
tance could also be shortened by the movement of redox
centers, analogous to complex III [7,8], although it is diffi-
cult to see how elements of the present structure could
make such a move.
The protein environment of the QP site is relatively
hydrophilic [10], containing a number of protonatable
amino acid residues reminiscent of the exchangeable
quinone-binding site in reaction center QB [57]. In contrast,
the QD site is more hydrophobic [10], similar to the non-
exchangeable quinone-binding site QA. The analogy sug-
gests that the QD pocket in the E. coli QFR complex may
not be able to mediate proton release to the periplasmic
space upon oxidation of substrate MQH2. Such release is
part of the simplest mechanisms of redox-linked transmem-
brane proton transfer for quinone protonation/reduction at
the QP site and deprotonation/oxidation at the QD site.
However, both Q-binding sites are found at the borders
between the hydrophobic membrane domain and mem-
brane-protruding hydrophilic domains: QP is on the border
proximal to the hydrophilic catalytic domain, while QD is at
the distal border [10]. Higher resolution X-ray structures
would be useful to clarify QD pocket function and to possi-
bly identify other functionally important quinones. Unfor-
tunately, the 2.2 Å resolution structure of W. succinogenes
QFR was found to contain no bound quinones.
Direct detection of the SQ EPR signal in the bacterial
cytoplasmic membrane system has been a difficult task,
perhaps because bacterial membrane preparations leak
more than those from mitochondria. Among many site-
directed mutants of E. coli QFR [39], the FrdC
Glu29→Leu mutant was first selected for further EPR
studies, as it could not perform QFR-dependent growth
except in amplified strains. An intensified SQ EPR spec-
trum, because of its enhanced stability (Kstab = 1.2 × 10–2
at pH 7.2), made it possible for the first time to perform
a detailed characterization of the physicochemical prop-
erties of SQP in bacterial QFR in situ [58]. Alteration 
of the anionic FrdC Glu29 to the neutral leucine stabi-
lized naturally anionic Q•–. This SQ species exhibited
extremely fast spin-relaxation, demonstrating spatial
proximity to the cluster FR3 spins. The MQ analog
inhibitor HQNO completely quenches this SQ signal
and alters the FR3 cluster EPR line shape in wild type.
The Glu29Leu mutation creates the same altered line
shape without addition of HQNO. These observations
are consistent with the established center-to-center dis-
tances of ~4 Å, 8 Å and 11 Å [10] for FrdC Glu29↔MQP,
MQP↔FR3 and FR3↔Glu29, respectively [58]. The
new X-ray structure of E. coli QFR will help to rational-
ize the selection of amino acid sidechains for similar
spectroscopy/site-directed mutagenesis approaches
towards studies of possible Q sites in the middle of the
membrane and the QD site. Although the bioenergetics
field, in general, is more suspicious about transmem-
brane ∆µH+ formation in the absence of electron carrier b
hemes in the middle of the membrane-spanning domain
of E. coli QFR, there is no doubt that ∆µH+ is formed
within the heme-free membrane-spanning domain of
complex I. A hypothetical model with three functionally
distinct transmembrane Q-binding sites has been pro-
posed for the complex I system [59,60]. 
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Figure 6
Models for the topology of menaquinone-
dependent and ubiquinone-dependent SQR
and their implications for reaction energetics.
The model on the right is for SQR from the
obligatory aerobe B. subtilis; the model on the
left represents SQR from the facultative
aerobe E. coli. The location of the redox
centers, the Q pool, and H+ access sites are
shown. Up-hill and down-hill energetics and
the different responses of their electron-
transfer activity to an uncoupler (FCCP) and a
∆ψ dissipater (K+ and valinomycin) are
illustrated in the figure (see text for details).
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Comparison of E. coli SQR and B. subtilis SQR from a
bioenergetic perspective
The general acceptance that SQR of the aerobic respira-
tory chain is not an energy-transducing complex led some
to believe that QFR, in catalyzing the reverse reaction,
also does not produce transmembrane ∆µH+ by itself.
Nature is not that simple; it has provided us with interest-
ing, variable enzymes. 
The E. coli and B. subtilis SQR complexes are of types B
and A and contain one and two b-type hemes, respec-
tively. Whereas E. coli SQR utilizes high Em (+0.090 V)
UQ, B. subtilis uses only low Em (–0.074 V) MQ as electron
acceptor (Figure 6). Because the Em for the
succinate/fumarate couple is +0.025 V, it is clear that  elec-
tron transfer in E. coli SQR is ‘down hill’, while that in
B. subtilis SQR is formally ‘up hill’. Studies using a perme-
abilized bacterial whole cell system, showed the down hill
electron transfer from succinate to UQ in E. coli to be
insensitive to both the uncoupler FCCP (p-trifluoro-
methoxyphenylhydrazone of carbonyl cyanide) and a ∆ψ
dissipater (K+ and valinomycin). In contrast, the up hill
electron transfer from succinate to MQ in B. subtilis was
sensitive to these reagents [20]. In B. subtilis SQR, pro-
tonic equilibration of the MQ reaction occurs at the posi-
tive (distal) side of the cytoplasmic membrane, as
mentioned previously. These observations suggest that in
SQR, an up hill electron-transfer reaction takes place
across the membrane from cluster S3 to MQ at the QD site
through the two b-type hemes; this transfer is thought to
be driven by the ∆µH+ produced by other parts of the
aerobic respiratory chain (Figure 6). 
The mechanism of ∆µH+ formation in W. succinogenes QFR
W. succinogenes is of particular interest because of its simple
obligatory anaerobic fumarate respiratory system, which
has been studied in great detail ([61] and references
therein). The respiratory chain consists of low Em hydro-
gen-donor systems, such as formate dehydrogenase and
hydrogenase, MQ and QFR. This bacterium is able to
produce ATP using the ∆µH+ generated by this respiratory
chain, which is considered to be the most primitive form
of the energy transducing membrane system (see
Figure 1a). As illustrated in Figure 7a, H2 is oxidized to
2H+ at the periplasmic catalytic site of the MQ-reactive
Ni–Fe hydrogenase, and MQ is reduced to MQH2. The
terminal enzyme QFR oxidizes MQH2 to MQ with the
reduction of fumarate to succinate in the cytoplasm. Thus
during this anaerobic respiration process, the net scalar H+
concentration change results in a net ∆µH+ formation with
the stoichiometry H+/e– = 1 [61–63]. The very short dis-
tance (4.2 Å) between the closest points of two b hemes
[11] is even shorter than the distance between heme a and
a3 in cytochrome c oxidase [3,4], strongly suggesting a role
in electron transfer for both b hemes. Drawing an analogy
with B. subtilis SQR, it is possible to imagine the same
transmembrane electron-transfer reaction via two closely
aligned b hemes in W. succinogenes QFR, but in the oppo-
site direction. This reaction is thermodynamically favor-
able. This scenario implies that electron transfer within
QFR might produce ∆µH+. In other words, proton transfer
can be expected to occur by a classic Mitchellian Q loop
between the hydrogenase and QFR, together with the
scalar net transmembrane ∆µH+ formation (Figure 7b).
This gives a total proton stoichiometry of 4H+/2e– = 2
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Figure 7
Two hypothetical proton-transfer models for W. succinogenes QFR.
(a) The formation of ∆µH+ by a concomitant scalar [2H+] increase in
the periplasm (positive side of the membrane) resulting from hydrogen
oxidation and a [2H+] decrease in the cytoplasm (negative side) by
fumarate reduction. This gives a H+/e– stoichiometry of 1.0 [61,63].
(b) H+ uptake from the cytoplasm to reduce MQ at the QP site and H+
release to the periplasm to oxidize MQH2 at the QD site, following the
classic Mitchellian loop model [62].
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(Figure 7b). The H+/e– stoichiometry in EDTA-treated
whole cells, inverted membrane vesicles, and reconsti-
tuted proteoliposomes is maximally H+/e– = 1.4 with the
H2→fumarate system [63]. Experimental verification of
the interaction of MQH2 with the QD site close to the pos-
itive side of the cytoplasmic membrane, as well as the
crystal structure with a bound form of the natural quinone
are needed to complete this picture. 
Conclusions and perspectives for future studies
X-ray crystallographic analyses of two QFR complexes
have revealed structural differences in their transmem-
brane domains that apparently reflect their mechanistic
difference [10,11]. In anaerobic QFR systems, the mem-
brane domain appears to constitute an electron-transfer-
ring arm in the classic Mitchellian loop model, being
functionally analogous to the cytochrome bd complex in
the terminal oxidase of aerobic E. coli respiration [64].
Both QFR structures have raised the study of the connec-
tion of quinone reactions with the energy-transduction
mechanism to the exciting atomic level. 
Supplementary material
Supplementary material including details of the midpoint redox potentials of
the electron carriers discussed and stability constants of different semiquinone
species is available at http://current-biology.com/supmat/supmatin.htm.
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